Ethanol distributions between selected organic and aqueous phases were measured for recovery and concentration of bioethanol from fermented solution. The strategy of solvent selection was based on the background of biofuel production, and m-xylene was selected as the primary solvent and capric acid, 1-hexanol and 2-ethyl hexanol secondary solvents were utilized to enhance the ethanol solubility. The extraction performance was evaluated through the liquid-liquid equilibrium. m-Xylene showed low distribution coefficient of ethanol and high separation selectivity of ethanol relative to water. All secondary solvents increased the distribution coefficient. The separation selectivity was greatly reduced by capric acid, but was similar for 1-hexanol and 2-ethyl hexanol. The two phase region was smaller for 1-hexanol than for 2-ethyl hexanol, chosen as the best secondary solvent. Examination of the effects of 2-ethyl hexanol concentration in the solvent found that a small amount of 2-ethyl hexanol could enhance the distribution coefficient and maintain the separation selectivity constant. The measured liquid-liquid equilibria were estimated with the ordinary and modified UNIFAC methods. Both methods could predict the liquid-liquid equilibrium behaviors of the measured systems, but the modified UNIFAC method could show a better correlation. However, the water concentrations in the organic phases were estimated to be larger than the measured values if the measured concentrations were very low.
Introduction
Bioethanol has been recently becoming important worldwide as a gasoline substitute for transport vehicles. Processing of fermented solutions to bioethanol for use as a fuel is an energy intensive process and the conventional processes tend to be uneconomic because commodity ethanol is cheap in spite of the great difficulty in the separation of ethanol and water. The technology of bioethanol production has long been studied, and the typical method of purification is distillation 1), 2) , which requires much energy for ethanol recovery and dehydration. 50% to 80% of the total energy is consumed in the ethanol recovery step of a typical manufacturing process, and most of this energy is consumed in distilling the ethanol to concentrations of more than 85%. Many ethanol recovery methods have been proposed to replace the distillation method, such as membrane separation 3) , adsorption 4) and supercritical fluid extraction 5) . The newly developed and conventional methods were recently reviewed comprehensively 6) .
The ordinary extraction technique has the potential to produce anhydrous ethanol from the fermented solution. Liquid-liquid equilibrium data for ethanol, water and several organic liquids have been measured at different temperatures 7), 8) . Equilibrium distribution coefficients, defined as the concentration ratio of ethanol in the solvent phase relative to the aqueous phase, have been measured for ethanol, butanol, and acetone in various solvents, and the separation factors, defined as the distribution coefficient ratio of ethanol relative to water, have been calculated to evaluate the economic characteristics of extraction 9) .
Gasoline was utilized as solvent to produce gasohol with the extractive distillation column 10) . Heavier components in gasoline should dissolve most of the ethanol, and water and lighter components should be vaporized in the extractive column. The lighter components were recovered by decantation for separation from water and mixed with the heavier components to provide the gasohol product. This process was very effective to dehydrate the concentrated ethanol solution and the heat duties of the two reboilers were relatively high because the throughput of gasoline was so large relative to that of ethanol.
Selection of an appropriate solvent must involve factors depending on the Lewis acidity and steric effects 11) . Recent research on ethanol concentration with extraction technology has presented the development of an ethanol production process with novel solvents for the extractive fermentation process 12) .
The present study evaluated the solvent extraction method using the methodology of preferable solvent selection and liquid-liquid equilibrium measurements. Firstly the methodology of solvent selection was used to identify preferable solvents and the liquid-liquid equilibria of ethanol in the system of ethanol, water and the selected solvent were experimentally measured at 298.15 K. The experimental results were compared with the liquid-liquid equilibria estimated by the ordinary 13), 14) and modified 15) UNIFAC models. The extraction behaviors were also analyzed with respect to the ethanol distribution and separation selectivity.
Solvent Selection
Many organic solvents have been examined to measure the liquid-liquid equilibrium of ethanol. The properties of water and ethanol are quite similar, making solvent selection more complicated. The main factors to choose favorable solvents for ethanol extraction are as follows: boiling point of solvent, distribution coefficient of ethanol, separation selectivity of ethanol over water, and availability. Many other important criteria must be considered in selection of solvents, such as low toxicity, chemical stability, rapid phase separation (rapid settling and nonformation of stable emulsion) and so on. The first 4 factors are considered the basic criteria and the strategy of solvent selection is as follows. The boiling point of the solvent should be higher than that of ethanol to allow easy solvent recovery and the solvent should not form an azeotrope with ethanol or water. Higher distribution coefficient will result in greater extraction rate and smaller amount of required solvent in the process. The distribution coefficient of ethanol, mEtOH, is defined by the Eq. (1),
where xEtOH and yEtOH stand for the ethanol concentrations in the organic and aqueous phases at liquid-liquid equilibrium. The separation selectivity of ethanol should be higher, allowing the apparatus to be smaller and the separation operation easier. The definition of the ethanol selectivity relative to water content, βEtOH,W, is given by the Eq (2),
where xW and yW stand for the water concentrations in the organic and aqueous phases at liquid-liquid equilibrium. The selected solvent should not be special or uncommon. Bioethanol is very cheap and common, and production must allow large volume manufacturing. Therefore, the solvent should be cheap and highly available. These considerations suggest that the favorable solvent would be a hydrocarbon, with very small solubility of water. The paraffin hydrocarbons with carbon numbers greater than or equal to 9 do not form azeotropes with ethanol and have higher boiling points relative to ethanol. However, these hydrocarbons are uncommon in the general market and less available. Among the aromatics of relatively low carbon numbers, benzene and toluene form azeotropes with water. Xylene is not so expensive and does not form azeotropes with water or ethanol. Among the xylene isomers, m-xylene was considered to be most favorable because of the poor commercial potential in industry, so m-xylene was selected as the main solvent. Research on the ethanol distribution over the aqueous phase and organic phases of benzene and toluene has reported the distribution coefficients and selectivities as 0.058 and 115, and 0.040 and 100, respectively 11) . For another work these equilibrium parameters in the xylene _ ethanol _ water system was measured as 0.03 and 91, respectively 8) . Aromatic solvents show low distribution coefficient and high separation selectivity. To improve the relatively low distribution coefficient, a second solvent to mix with m-xylene was employed to enhance the ethanol solubility. In this study, capric acid, 1hexanol and 2-ethyl hexanol were selected as the second solvent from the carboxylic acids and higher alcohols. The ethanol distributions with 1-hexanol and 2-ethyl hexanol have been already reported under specified conditions 16), 17) , and these solvents can be expected to enhance the ethanol solubility into the xylene phase.
Experimental Section

1. Materials
Special grade chemicals, ethanol, m-xylene, 1-hexanol, 2-ethyl hexanol and capric acid were purchased from Wako Pure Chemical Industries, Ltd. However, the purity of each compound was checked by gas chromatography before every run to confirm the mass fraction purity of higher than 0.99. Table 1 shows the experimental conditions for liquidliquid equilibrium measurement. The specified amounts of the aqueous and organic phases were put in conical flasks with screw tops, and continuously shaken in the isothermal bath for 48 h, when the equilibrium condition was assumed to have been reached. The two phases were then separated with a separating funnel and the obtained solutions were analyzed by gas chroma-tography (Hitachi GC-663-50) with a flame ionization detector, in which the column temperature was maintained at 353 K for the initial 10 min, and then increased at 5 K/min up to 423 K. A Karl Fischer aquameter (Kyoto Electronics MKC-501) was used with dehydrated methanol of HYDRANAL methanol and titration solution of HYDRANAL composite 5, purchased from Sigma-Aldrich Co., to measure the water concentration of each solution. The measured mass fractions were determined by mass and within 0.01 errors in the mass balance of each component. Tables 2 and 3 show the experimental liquid-liquid equilibrium data for the ternary and quaternary systems, respectively. Figures 1 and 2 show the ethanol distribution in the organic and aqueous phases, and the effects of the addition of the secondary solvent on the ethanol distribution. Figure 3 shows the effects of the distribution coefficient, mEtOH, on the separation selectivity, βEtOH,W. The m-xylene organic phase had the largest range of the two phase region among the selected four solvents in ternary systems. The distribution coefficients and the separation selectivities were the smallest and largest, respectively, using m-xylene. The concentration ratio of ethanol relative to water in the organic phase was also the highest, as expected. Both ethanol and water have low solubility in m-xylene solvent, but ethanol could be partitioned more easily into the m-xylene phase than the water phase resulting in higher selectivity. The ethanol distribution co- efficients in m-xylene or 2-ethyl hexanol solvent were previously reported in the ranges of 2-2.5 for m-xylene solvent 7) and 0.66 for 2-ethyl hexanol solvent 11) . The present study found the values in the same ranges. Capric acid dissolves water and ethanol most among the selected solvents. The two phase region was the smallest and the concentration ratio of ethanol relative to water in the organic phase was also the lowest. Although ethanol was soluble in the capric acid phase, water could also dissolve into the organic phase in high degree and the selectivity was very low.
2. Procedure
Results and Discussion
1-Hexanol or 2-ethyl hexanol solvent had distribution coefficients larger than unity when the ethanol concentrations were in the higher range, and the selectivity decreased with higher distribution coefficient for both cases. Ethanol distributions with 1-hexanol solvent were quite similar to those for capric acid solvent. 1-Hexanol dissolved water too effectively so ethanol concentration might become difficult because of the small two phase region. The 2-ethyl hexanol _ ethanol _ water system had the second largest two phase region among the selected solvents and the distribution coefficient of ethanol was larger than that for m-xylene solvent.
As expected, m-xylene solvent showed higher selectivity and lower distribution coefficient for ethanol, and the two phase region was larger. The secondary solvents were employed to improve the ethanol distribution. The initial mass ratios of m-xylene and second solvent were fixed at 0.5 and the effects were shown in Fig. 3 by white keys. Figure 4 shows the effects of the distribution coefficients on the concentration ratios of ethanol relative to water content in the organic phase. The solubility of ethanol in the organic phase was significantly improved and the selectivity remained high for all cases. The two phase regions were smaller than in the m-xylene _ ethanol _ water system, and was smallest for capric acid as the second solvent, followed by 1-hexanol and 2-ethyl hexanol. Addition of the second solvent increased the distribution coefficient and slightly reduced the selectivity. The effects of the second solvent type on both distribution coefficient and selectivity were indistinct, but the two phase region was the largest for 2-ethyl hexanol. 2-Ethyl hexanol is the most commercially available of the three second solvents. Therefore, m-xylene and 2-ethyl hexanol were selected as the primary and secondary solvents, respectively. The ethanol distribution over the water and selected mixed solvent phases was then investigated further. Figures 5 and 6 show the effects of m-xylene to 2-ethyl hexanol ratio on the ethanol distribution. Greater 2-ethyl hexanol content increased the distribution coefficient but reduced the two phase region and the ethanol selectivity. The addition of only a small amount of 2-ethyl hexanol improved the ethanol distribution performance. The distribution coefficients were higher and the separation selectivities were remained almost constant. The favorable solvent concentration should be selected depending on the process specifications to separate and concentrate ethanol from aqueous solution.
Finally the ethanol distribution behaviors were estimated by thermodynamic modeling. The UNIFAC method is one of the most common methods applied to much research on the ethanol distribution over the aqueous and organic phases. In this study, the ordinary 14) and modified 15) UNFAC methods were used to predict the distribution behaviors. The UNIFAC method cannot easily estimate the activity coefficients of high polar components, such as water, in many cases. Therefore, all mass fractions except for water were estimated based on the activity coefficients from the UNIFAC methods, and the mass fractions of water were estimated from the material balance equations in this study. Figures 1, 2 and 5 show the predictions by the ordinary and modified UNIFAC models. The root-mean-square deviations (RMSD) are listed in 
where M is the total number of tie lines. Actually the NRTL model was also employed to evaluate the prediction. However, the deviations from the NRTL model were very large and only the results of the UNIFAC methods were discussed here. Both UNIFAC methods were very flexible to estimate the ethanol distribution behaviors, but the modified UNIFAC method was better. Overall, if water concentrations were low in the organic phases of m-xylene or higher m-xylene content, the estimated water contents in the organic phase were 10% to 30% larger than the experimental values, because the actual concentrations of water in the organic phase were very small and difficult to predict. However, prediction of the ethanol behavior might be enough satisfactory, and the modified UNIFAC method was verified to be better one.
Conclusions
The solvent selection strategy suggested that hydrocarbons would show higher separation selectivity and m-xylene was selected as the primary solvent based on separation performance and availability. The separation selectivity is very high but the distribution coefficient is low. Therefore, a secondary solvent was employed to enhance the ethanol solubility, and capric acid, 1-hexanol and 2-ethyl hexanol were chosen from the carboxylic acids and higher alcohols. Addition of these secondary solvents enhanced the distribution coefficient but capric acid reduced the separation selectivity. The distribution coefficients and separation selectivities using 1-hexanol and 2-ethyl hexanol were quite similar but the two phase region was smaller with 1-hexanol than with 2-ethyl hexanol. The effects of 2-ethyl hexanol concentration on the ethanol distribution over the organic and aqueous phases were examined. The addition of a small amount of 2-ethyl hexanol to mxylene enhanced the distribution coefficient with constant separation selectivity. The liquid-liquid equilibria measured in this study were estimated with the ordinary and modified UNIFAC methods and the modified UNIFAC method provided estimates. However, the regions of very small water concentrations in the organic phase were difficult to estimate even with the modified UNIFAC method. These regions are very important for the ethanol dehydration process and further development of the estimation technique is essential. 
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